Heart
The period of greatest risk for inducing abnormal cardiac development occurs during weeks [3] [4] [5] of gestation. Primary targets include genes that regulate establishment of the cardiogenic field and cardiac differentiation, neural crest cells that contribute to partitioning of the aorticopulmonary channel, and endocardial cushions. Heart cells originate near the primitive streak at approximately day 15 of gestation. Prospective outflow tract cells lie most cranially in the streak, followed by ventricular, then atrial cells (1) . These cells migrate through the streak to the cardiogenic area cranial to the cephalic neural folds. Here the cells lie in the splanchnic mesoderm of the lateral plate, adjacent to the underlying endoderm that guides their migration along a fibronectin rich path ( Figure 1 ) (2) . This endoderm is also responsible for inducing cardiac progenitor cells to form cardiac myocytes (3) . Cells in the cardiogenic region form a horseshoeshape tube with the open ends pointing caudally ( Figure 1 ). As lateral folding of the embryo occurs, the two sides of the horseshoe are brought together and fuse in the midline to establish the heart tube ( Figures 2, 3) . By day 23 , the heart tube begins to bend to form the cardiac loop ( Figure 4 ). The outflow region bends caudally and to the right, while the atrial region moves dorsocranially and to the left. Looping causes the heart to fold in such a manner that the atria, ventricles, and outflow tract assume their adult position but remain unseptated ( Figure 5 ).
Septation occurs from days [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] of development with formation of the atrial, ventricular, and conotruncal septa. In the atria, this process depends upon downward growth of overlapping septa from the roof of the chamber to meet endocardial cushion tissue surrounding the atrioventricular canal. Prior to contact with cushion tissue, cell death by apoptosis creates a hole in the first septum to grow downward. The second septum grows over this opening but never reaches the cushions to fuse. In this manner it acts as a valve, such that blood flow from the right atrium (receiving oxygenated blood from the placenta) into the left is maintained. At birth, when the lungs become functional and oxygenated blood returns from these organs into the left atrium, the valve will be pressed closed to create an anatomically complete interatrial septum.
Cushion tissue is also important for closing the interventricular septum. Muscle tissue from the expanding ventricles forms a column of tissue comprising the ventral portion of the interventricular septum. Endocardial cushion tissue, derived from the region of the atrioventricular canal, grows downward to join the muscular column and completes the interventricular septum, which then has muscular and membranous portions. Most defects of this septum occur in the membranous portion, derived from cushion tissue ( Figure 6 ).
The outflow tract or conotruncus is also septated into the aortic and pulmonary channels by endocardial cushion tissue. Two cushions growing from the sides of the conotruncus assume a spiral course and fuse in the midline. Their spiral course is essential to establish the appropriate connections for the aortic and pulmonary trunks. As these cushions grow downward, they meet and fuse with cushion tissue surrounding the atrioventricular canal, thereby completing the septation of this region ( Figure 6 ).
Finally, the superior and inferior endocardial cushions surrounding the atrioventricular canal grow together to separate this region into two channels. Then, together with the right and left cushions, they form the mitral and tricuspid valves ( Figure 6 ).
It should be appreciated from the previous discussion that endocardial cushions are a key factor for normal heart development. Not surprisingly, they are also involved in the origin of many cardiac defects, including atrial and ventricular septal defects and abnormalities of the conotruncal region, such as tetralogy of Fallot, transposition of the great vessels, pulmonary stenosis, and others. Thus, the cushions themselves are a potential target for teratogens and merit further investigation. They are bounded by the myocardium, which secretes a hyaluronate-rich matrix (cardiac jelly) that expands the space between the myocardial and endothelial cells. At the time of cushion differentiation, the myocardium secretes EDTAsoluble proteins that, in combination with fibronectin, move through the matrix and transform some of the endothelial cells into mesenchyme (4). This epithelial-to-mesenchymal transformation and delamination of these endothelial cells require expression of MSX-J; influx of Ca; decreased expression of transforming growth factor I (TGF-1); increased expression of substrate adhesion molecules, including integrins; and an increase in urokinase plasminogen activator (4) (5) (6) (7) (8) . In short, a complex orchestra of molecular and cellular events that present targets for disruption is essential for cushion differentiation and, ultimately, heart morphogenesis.
The process ofcushion formation is further complicated by the fact that neural crest cells are essential for formation of the truncal cushions that separate the distal portion of the outflow tract into the pulmonary artery and aorta (9) . These crest cells, originating in hindbrain rhombomeres 6, 7 (13) .
Genetic regulation of heart development is rapidly being elucidated, thereby providing (22, 23) . In addition, SF-1 functions as a transcription factor for a number of steroidogenic enzyme genes (24) (25) (26) , regulates Miillerian-inhibiting substance promoter (26) , and modulates expression of pituitary gonadotrope cells (27) (28) (29) . Interestingly, SF-1 has been shown to interact with DAX-1, the gene responsible for X-linked adrenal hypoplasia congenita (30) . These patients lack an adrenal cortex and develop adrenal insufficiency. DAX-1 is also a member of the nuclear hormone receptor superfamily and acts as a dominant negative regulator of transcription mediated by the retinoic acid receptor (30) . It is a potent inhibitor of SF-1, although how this interaction results in tissue differentiation is unknown (31) .
In addition to hypoplastic disorders of the adrenal glands, a number of biochemical abnormalities can result in congenital adrenal hyperplasia (CAH). CAH is transmitted as an autosomal recessive and is the leading cause of ambiguous sexual abnormalites in the newborn. Usually the defect results in an inability to convert cholesterol to cortisol and/or aldosterone and involves a deficiency in 21 -hydroxylase activity, although defects in other enzymes may result in similar outcomes. 21-Hydroxylase is responsible for converting 17-hydroxyprogesterone to 11-deoxycortisol and progesterone to deoxycorticosterone. As a result, adrenocortical-stimulating hormone (ACTH) levels increase, which causes hyperplasia of the adrenal cortex and an increase in steroid metabolites derived prior to the block in the biochemical pathway.
Pancreas
In humans, the dorsal and ventral pancreatic buds first appear 30 days after fertilization (Figure 7 ), whereas genetic controls essential for induction begin slightly before this time. As with formation of glands in general, pancreas development requires an epithelialmesenchymal interaction. In this case, the mesenchyme induces the endoderm to proliferate and to branch, perhaps under the influence of fibroblast growth factors (32) , and it is this endoderm that will form both the exocrine and endocrine cells of the organ (33) . Induction takes place in the caudal foregut in a region of endoderm expressing PDXJ, a homeodomain transcription factor required for pancreas development. PDX1 is actually expressed broadly in this region, but pancreatic buds appear only in an area where sonic hedgehog expression in the endoderm is repressed (34, 35) . Once growth is initiated, endoderm cells differentiate into a, j, or 6 cells, producing glucagon, insulin, and somatostatin, respectively, and exocrine cells. Follistatin, produced by mesenchyme cells, appears to regulate these differentiative processes by restricting endocrine cell production and stimulating differentiation of exocrine cells (36) . In addition, PAX4 is necessary for production of ,B and 8 cells (37) , whereas PAX6 is involved in a cell differentiation (38) . Similarly, the transcription factor PTF1 is required for differentiation and/or proliferation of the exocrine cells (39) .
Definitive P cells appear in the pancreas by the 3rd month, although an initial wave may be formed earlier during weeks 4-6 (36) . These earliest cells express insulin and glucagon but do not associate to form islets. Insulin production begins by the 5th month.
As the two buds increase in size, the ventral bud moves into closer proximity to its dorsal counterpart. By week 6, the two buds fuse and the duct connecting the dorsal bud to the foregut usually degenerates (Figure 8) .
Malformations of the pancreas may be most commonly related to inductive events. For example, excessive growth of pancreatic tissue, including annular pancreas, nesidioblastosis, and heterotopic pancreas, may all be related to abnormal signaling during initial phases of development (34, 35) . Whether or not pancreatic function can be affected by epigenetic factors acting on cell differentiation is not clear. In any case, however, the pancreas may have more than one window of susceptibility: an early one during weeks 4-6 and a later one at weeks 10-12 when cells are differentiating.
Thymus and Parathyroids
The thymus and parathyroids are also derivatives of pharyngeal endoderm arising from outpocketings of endoderm known as the pharyngeal pouches (Figures 9, 10) . Thus, A during week 5 of gestation, the thymus and superior parathyroid arise from proliferations of the 3rd pharyngeal pouch and the superior parathyroid from the 4th (Figure 10 ). While the parathyroids assume a final position posterior to the lobes of the thyroid, the thymic anlagen migrate to the anterior mediastinum where they fuse in the midline (Figure 1 1) .
Induction and development of these tissues again involve epithelial mesenchymal interactions with much of the mesenchyme derived from neural crest cells. As mentioned previously, these cells are quite sensitive to toxicants. Adverse effects on crest cells by alcohol, retinoids, maternal diabetes, and bis(dischloroacetyl)diamine results in DiGeorge syndrome, which includes partial or complete loss of the thymus, parathyroids, and thyroid; craniofacial defects; and heart abnormalities (12) . The origin of the glandular defects is thought to be due to decreased numbers of crest cells, leading to incomplete formation of the pharyngeal arches, and disruption of epithelial-mesenchymal signaling essential for gland differentiation.
Thyroid
The thyroid gland develops from endoderm of the floor of the pharynx at a point that later demarcates the foramen cecum. The evagination appears during week 5 and this evaginated tissue migrates caudally in the midline to the level of the trachea as a bi-lobed structure (Figure 1 1) a role in neuronal migration by regulating microtubule synthesis and assembly and controlling the scaffolding for this cell movement; c) enhance neuronal outgrowth by regulating growth factors such as nerve growth factor; d) stimulate development of dopaminergic and cholinergic systems; and e) promote myelination (40) . These effects of thyroid hormone on brain development occur in three phases: phase I is regulated by maternal sources of the hormone, extends from weeks 3-12, and encompasses the beginning stages of cerebral neurogenesis and migration; phase II is regulated by fetal production of the hormone from 12 weeks to birth and overlaps many periods of neuronal proliferation, migration, and differentiation throughout the brain; phase III occurs during the postnatal period as the central nervous system continues to differentiate (40) .
This important action of thyroid hormone on brain development and its effects on growth make it a potential target for environmental factors, but few studies documenting such effects exist. Examples include endemic iodine deficiency that causes a decrease in thyroid hormone resulting in many neurological deficits (41) . Also there is some evidence suggesting that dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin) can reduce thyroid hormone concentrations and affect learning and memory capabilities (42) .
Anterior Pituitary
The pituitary gland is derived from two sources: the posterior lobe arises from neuroepithelium of the diencephalon, the infundibulum; the anterior and intermediate lobes from an outpocketing of epithelium in the oral cavity (itself a derivative of neural ectoderm from the anterior neural ridge), called Rathke's pouch (43) (Figure 12 (50) (51) (52) . Whether environmental factors can impact this development is not clear, but retinoids and other factors would seem to be likely candidates to disrupt these processes. One can imagine that the hypothalmic-pituitary-endocrine axis is a very sensitive system with potentially small perturbations capable ofhaving far-reaching consequences.
Summary
In summary, the heart and endocrine glands have a high degree of sensitivity during weeks [3] [4] [5] [6] [7] [8] of gestation when the anlage for these organs and tissues is first established. In addition, later periods of sensitivity may occur as the various cell types begin to differentiate as indicated in Table 1 .
